A regional coupled climate model is configured for the tropical Atlantic to explore the role of synoptic-scale (2-6 day) African Easterly Waves (AEWs) on the simulation of mean precipitation in the marine Inter-Tropical Convergence Zone (ITCZ). Sensitivity tests with varying atmospheric resolution in the coupled model show that these easterly waves are well represented on both fine and coarse grids of the atmospheric model, with the mean variance of the waves on finer grid being roughly 20% larger. The resultant wind shear associated with the strong phase of the AEWs for both atmospheric grids is comparable. Significant differences in the model simulations are found in the precipitation fields, where extreme rainfall events occur in the strong shear of the easterly waves only on the higher resolution grid. This is indicative of the strong coupling between the easterly waves and rainfall. This is because the low-level convergence due to the waves is much larger and more realistic in the fine-resolution simulation, which enables strong precipitation events. The variability in rainfall on these time scales accounts for a significant fraction of the total variability. As a result, the simulation of mean rainfall in the ITCZ and its seasonal migration become more realistic in the higherresolution case. This suggests that capturing these transient waves and the resultant lowlevel convergence is a key to improving the simulation of precipitation in global coupled climate models, with obvious implications for regional climate prediction.
Introduction
Variability of the Inter-Tropical Convergence Zone (ITCZ) is a major component of the tropical Atlantic climate system. The ITCZ exhibits strong seasonal variability, reaching its maximum northward position at 7°N-8°N in August-September, and migrating to its southernmost location near the equator in February-April. The boreal spring is the season when the ITCZ displays its strongest interannual variability, when the ITCZ can be positioned on either side of the equator due to the weak meridional sea surface temperature (SST) gradient (Chiang et al. 2002) . The anomalous rainfall associated with the anomalous location of the ITCZ imposes devastating environmental and socioeconomic consequences on the heavily populated regions in northeast Brazil and western African nations (Hastenrath and Heller 1977; Folland et al. 1986; Palmer 1986; Nobre and Shukla 1996) .
Although the variability in the ITCZ and the SST in this region can be explained to some extent in terms of the interannual and longer-timescale variability (Zebiak 1993; Nobre and Shukla 1996) in combination with remote forcing from the El Niño-Southern Oscillation (ENSO) through teleconnection mechanisms (Enfield and Mayer 1997; Saravanan and Chang 2000) , there is no mode of variability stronger than the seasonal cycle in the tropical Atlantic Ocean (Xie and Carton 2004) . Furthermore, Davey et al. (2002) reported that most of the state-of-the-art global coupled general circulation models (GCMs) exhibit large biases in the mean climate of tropical regions, particularly in the Atlantic. This indicates that the key processes that determine the mean and annual cycle of the tropical Atlantic climate are still not fully understood (Xie and Carton 2004) .
The present study focuses on simulating the mean ITCZ in a coupled climate model and sheds light on the importance of synoptic-scale atmospheric processes. The connection of this transient atmospheric feature to the precipitation over northern Africa and the tropical Atlantic Ocean has been extensively studied (Thorncroft et al. 2003 and the references therein). The strong meridional temperature and geopotential gradients that develop during the boreal summer promote the formation and maintenance of the African easterly Jet (AEJ) in the mid-troposphere (Pytharoulis and Thorncroft 1999; Thorncroft and Blackburn 1999) . This unstable easterly jet is conducive to the generation of synoptic-scale weather disturbances called African Easterly Waves (AEWs) (Rennick 1976; Reed et al. 1977) . Hsieh and Cook (2005) , on the other hand, have pointed out the importance of cumulous convection and the associated release of latent heat within the ITCZ over the African continent in the generation of these atmospheric disturbances. The early analyses of AEWs have revealed the characteristics of these summertime atmospheric disturbances, which have phase speeds of 6-8 m s -1 westward with periods of 3-5 days (Carlson 1969; Burpee 1972) . These waves contribute to the organized convection (Mekonnen et al. 2006 ) including mesoscale convective systems (Payne and McGarry 1977) , and daily precipitation over western Africa (e.g., Frank 1970; Thorncroft and Hodges 2001; Gu et al. 2004 ). More importantly, they give birth to tropical cyclones over the Atlantic Ocean (Landsea et al. 1998 ) and modulate their evolution and movement (Peng et al. 2006) . Indeed, Thorncroft and Hodges (2001) have shown a positive correlation between the AEW activity and Atlantic tropical cyclone activity,
suggesting that hurricane activity may be influenced by the number of the AEWs leaving the west coast of Africa.
In this paper, we examine the effect of these synoptic-scale easterly waves on larger-scale precipitation of the marine ITCZ in two regional coupled model simulations with different atmospheric resolution. We explore how resolution affects the model's ability to capture realistic shear and convergence of winds associated with the AEWs, and thus convection and precipitation process. Analyses reveal that the amplitude of these waves is well simulated on both the coarse (1°) and fine (¼°) atmospheric grids. The wind shear associated with stronger waves on the finer grid, however, yields stronger low-level convergence, triggers convection, and thus produces more intense precipitation. The rainfall variability associated with the easterly waves accounts for a significant fraction (60-80%) of the total simulated variance in the marine ITCZ. As a result, simulation of the mean ITCZ improves and the seasonal phasing becomes more realistic.
The paper is organized as follows: in section 2, the description of the models and experimental designs are presented. In section 3, the sensitivity of the AEW-induced atmospheric convergence and the precipitation due to model resolution is examined. In section 4, we discuss the impacts on the larger-scale mean climate in the model.
Conclusions and discussion follow in section 5.
Models and Experiment Setup
The coupled model used for the present study is the Scripps Coupled Ocean-Atmospheric
Regional (SCOAR) model (Seo et al. 2007) . It combines two well-known, state-of-the-art regional atmosphere and ocean models using a flux-SST coupling strategy. The atmospheric model is the Experimental Climate Prediction Center (ECPC) Regional Spectral Model (RSM) and the ocean model is the Regional Ocean Modeling System (ROMS).
The RSM, originally developed at the National Centers for Environmental Prediction (NCEP) is described in Juang and Kanamitsu (1994) and Juang et al. (1997) . The code was later updated with greater flexibility and much higher efficiency (Kanamitsu et al. 2005) . Briefly, it is a limited-area primitive equation atmospheric model with a perturbation method in spectral computation, and utilizes a terrain-following sigma coordinate system (28 levels). The model physics are same as NCEP global seasonal forecast model (Kanamitsu et al. 2002a ) and NCEP/ National Center for Atmospheric
Research (NCAR) Reanalysis model (Kalnay et al. 1996) except for the parameterization of convection and radiative processes. The parameterization for atmospheric deep convection in the current version of the RSM used in this study is based on Relaxed Arakawa-Schubert scheme (Arakawa and Schubert 1974; Moorthi and Suarez 1992) .
The ROMS solves the incompressible and hydrostatic primitive equations with a free surface on horizontal curvilinear coordinates and utilizes stretched generalized sigma coordinates in order to enhance vertical resolution near the sea surface and bathymetry.
The details of the model can be found in Haidvogel et al. (2000) and Shchepetkin and A flux-SST coupler bridges the atmospheric (RSM) and ocean (ROMS) models. The coupler works in a sequential fashion; the RSM and ROMS take turns integrating while exchanging forcing every 24 hr. The interacting boundary layer between RSM and ROMS is based on the bulk formula for surface fluxes of momentum, and sensible and latent heat adapted from the algorithm of Fairall et al. (1996) . Since the grids of the atmosphere and ocean models differ, a simple linear interpolation is used to map the SST and ocean currents to the atmospheric physical-space grid and the resultant fluxes to the ocean grid. Care must taken in choosing the land-sea mask near the coasts because the atmospheric model is spectral and Gibbs' phenomenon can result in unphysical structures in the surface flux forcing fields over the oceanic grid points adjacent to the coast. In each domain, the land-sea mask must be qualitatively optimized to reduce this effect of the mismatch between spectral-atmospheric and physical-space-oceanic models.
The low-wavenumber atmospheric flows from NCEP/Department of Energy (DOE)
Reanalysis II (Kanamitsu et al. 2002b , hereafter RA2) are specified as a base field over the regional domain of the RSM. The RA2 is available in T62 spectral resolution on a global Gaussian latitude-longitude grid, at roughly 200 km grid size in the tropics.
However, the effective resolution in the global spectral analysis is coarser than this estimated grid size, since one needs 5-6 grid points to accurately represent the smallest wavenumber in the global spectral model (Pielke 1991; Laprise 1992 ). Thus, wavelengths from circumglobal to 1000 km are well resolved in the original RA2 model. For downscaling purposes, Kanamaru and Kanamitsu (2007) designed a scale-selective bias correction (SSBC) to reduce the tendency of wavenumbers longer than 1000 km to drift from the prescribed original RA2 large-scale fields that drive the regional response in RSM. This procedure is invoked in SCOAR, which encourages the large-scale components of AEW events to be similar for both coarse (e.g., RA2) and higher resolution (e.g., SCOAR) grids.
The AEWs discussed in this study have a typical wavelength of 2500 km (Reed et al. 1977 ) and thus, in SCOAR, they should resemble the waves in the base field from RA2.
However, it should be noted that these waves are also substantially influenced by many processes such as meridional temperature gradient, soil moisture content, monsoonal processes, and the resolved orography (Cook 1999; Mekonnen et al. 2006) , which can be modulated differently depending on the SCOAR resolution and its downscaling procedure. Therefore, the differences in the details of these waves in the SCOAR simulations shown in the later sections are, by the experimental design, largely due to changes in SCOAR model resolution.
Here we compare two SCOAR model simulations, where the atmospheric resolution is changed in a domain that covers the tropical Atlantic basin from 30°S to 30°N and from 70°W to 20°E, including eastern Brazil and western Africa. In the HL simulation, ¼°r esolution is used for the ocean, but low resolution (1°) is used for the atmosphere. In HH, both the ocean and atmospheric models use ¼°resolution. Hence the only major difference in HL and HH is the horizontal resolution in the atmosphere. A minor difference in the two cases is in the altered land-sea mask linking the ocean and atmospheric models. The physical space fields of the atmosphere must be mapped to the oceanic grid (and vice versa) via interpolation, which is sensitive to the details of the land-sea mask near the coastal ocean where large gradients of atmospheric fields often occur.
In a previous study, Seo et al. (2006) used similar SCOAR configurations to show that increasing oceanic resolution alleviates SST biases by 20%, especially in the African upwelling regions. In that study, they compared results from HL and LL simulations, where LL denotes low 1°resolution in both the ocean and the atmosphere. Despite the improvement in the ocean, the simulation of the mean ITCZ was only marginally improved, likely due to a coarse 1°horizontal resolution in the atmosphere. The present study is an extension of Seo et al. (2006) , focusing on the importance of synoptic-scale processes in the atmosphere in altering the mean precipitation over the Atlantic Ocean.
The initialization and forcing procedures for both cases are as follows. The ROMS ocean was first spun up for 8 years with climatological atmospheric forcing and climatological oceanic boundary conditions. Then the SCOAR coupled run was launched for 7 years from 1998 to 2004 with low-wavenumber RA2 atmospheric forcing and climatological oceanic boundary conditions. The 6-year solution from 1999 to 2004 is analyzed in this study.
In this regional modeling framework, the remote influences on the simulated variability of the ITCZ (Chiang et al. 2002; Xie and Carton 2004) are the same in both SCOAR simulations. Chiang et al. (2002) shows that the anomalous Walker circulation affects the precipitation over the tropical Atlantic, while the meridional gradient in SST determines the position of the ITCZ. Both processes are affected by remote ENSO effects: the former through direct atmospheric influence (Dai and Wigley 2000) and the latter via atmospheric teleconnections, which change northern Hemisphere SST. In the present SCOAR model configurations the large-scale atmospheric and oceanic forcings that drive these two mechanisms are nearly identical. But the regional variability simulated in HH and HL for the tropical Atlantic and western Africa may be different in each case, giving rise to differences in variability of SST and the ITCZ. For example, the meridional SST gradient is affected by local ocean-atmosphere-land coupled variability, independent of the remote forcing (Chang et al. 1997; Xie and Carton 2004) . Local feedback processes, such as these, are of primary interest in this study.
AEW-induced low-level convergence and precipitation: Sensitivity to model resolution
African easterly waves are the dominant synoptic-scale weather disturbances during boreal summer months. The AEWs are fed by baroclinic interaction between a nearsurface positive meridional gradient of potential temperature and a negative meridional gradient of potential vorticity at the level of the easterly jet (Pytharoulis and Thorncroft 1999) . These waves originate in western Africa and traverse the tropical Atlantic Ocean, and we are interested in how AEW-induced shear and convective processes lead to large precipitation events within the marine ITCZ.
In order to illustrate the large-scale background environments that foster the generation of the disturbances, Figure 1 compares summertime (July-August-September) wind fields at 700 hPa (the jet level) from the model simulations and RA2 over northern Africa and the eastern Atlantic Ocean. In RA2, the core of the AEJ at this level is identified as a maximum of the easterly wind present on the west coast of Africa at 15°W, 15°N, where wind speed reaches 10 m s -1 . The width of the jet is about 10°in latitude and the axis of the jet extends eastward over the continent with an apparent southward shift (Cook 1999 ).
These observed wind structures are well reproduced in both regional simulations, although the models produce stronger jets than RA2. The spatial patterns of the jet are qualitatively similar in both simulations, although the jet in HH is slightly stronger than HL at the core over western Africa. The meridional gradient of vorticity at the jet level and the near-surface potential temperature are largely similar in HH and HL (not shown),
indicating that barotropic and baroclinic instability conditions that support the formation of the jet (Burpee 1972 ) are similar for both 1°and ¼ °atmospheric resolution.
The simulated wave disturbances associated with the easterly jet, on the other hand, are larger in HH than in HL, and both regional models produce notably larger waves than RA2. Figure 2 shows the variance of summertime synoptic-scale (2-6 day) 850 hPa meridional winds for each simulated year over the Atlantic Ocean where the variance is large. Except for the summer of 1999 when they are nearly equally strong, AEW variance over the ocean is stronger in HH than in HL, with mean variance being 20% larger in the higher resolution case.
In order to investigate and compare the details of the simulated wave structure and its propagation, Figure 3 presents Hovmöller diagrams of 2-6 day band-passed 850 hPa winds for JAS of 2003 when the difference between HH and HL was largest (Figure 2 ).
The simulated AEWs from HH ( Figure 3a ) and HL ( Figure 3b ) exhibit wave characteristics consistent with the observed estimates by the synoptic map analysis of Carlson (1969) , the compositing study of Reed et al. (1977) , and the synoptic map analysis of Burpee (1972) , all of which found typical wavelengths of 2000-4000 km, periods of 3.2-3.5 days, and phase speeds of ~8 m s -1 . The simulated phase of the waves is similar between the model simulations, and also with the observations. These large amplitude waves propagate well beyond the eastern Atlantic, traversing the Atlantic Ocean and reaching the Caribbean and western boundary of the model domain.
Previous studies have reported that they often propagate beyond the Caribbean across Central America into the eastern Pacific basin (Frank 1970) , where they contribute to tropical cyclogenesis (Avila and Pasch 1992) . Over the tropical Atlantic Ocean, strong cyclonic wind shear associated with the large amplitude of these waves is accompanied by localized intense precipitation (contours overlaid in Figure 3a) , implying a tight connection between wind shear generated by AEWs and strong precipitation (Thorncroft and Hodges 2001) . Early analyses by Frank (1970) and Burpee (1972) Atlantic) buoy moored at 4°N-38°W and from the model grid at the mooring site. In both models and observations, the variability of rainfall is markedly larger than its mean. The standard deviation (std) of rainfall in the observations is roughly 7 times greater than its mean, while in HH (HL), the std is 2.5 (1.7) times larger than its mean. The strongest peak in the observations at this particular site during this period reaches 914 mm day -1 .
Statistically, the means of HH and HL are both consistent with PIRATA, but the variability in HH is clearly more realistic than in HL. The map of std of rainfall (not shown) reveals that, in a large area around this mooring site, the std of HH rainfall is greater than 25 mm day -1 , while HL has everywhere a std less than 10 mm day -1 . The chosen mooring site is a typical location within the ITCZ where variability in rainfall well exceeds its mean. The probability distribution functions (PDFs) of observed rainfall (Figure 5b ) confirms that several peaks produce extremely high precipitation in the observations. Although HH rainfall does not display peaks as strong as in the observations, the extreme cases shown in HH compares better with the observations. It should be noted that while PIRATA is a point measurement, model rainfall represents an average over a ¼°grid for HH.
These extreme precipitation events are closely related to the convergence fields, which are better resolved on the higher-resolution atmospheric grid. This relation is illustrated
in Figure 6 . and thus, compared to the ¼°resolution in HH, the 1°atmospheric resolution should be sufficient to resolve the wave activity reasonably well. Indeed, Figures 2 and 3 show that AEWs and the related wind shear are well simulated on both grids. However, it rains more on the ¼°grid, compared to the 1° grid. The lack of rain in HL despite the reasonably well-resolved AEWs implies that wind convergence and subsequent convection are crucial processes in order to produce a realistic mean precipitation pattern.
At ¼°resolution, we approach the horizontal scales of convection and are nearly able to resolve the observed low-level convergence ( Figure 6 ).
This result can be anticipated from the idealized study of Pauluis and Garner (2006) on the impacts of the horizontal resolution on the statistics of the atmospheric convection.
They demonstrate a close connection between the horizontal resolution of the cloud resolving model and the statistical properties of the deep convective towers. They find that there is a significant improvement in the simulation of vertical velocity and convection (and thus perhaps the low-level convergence) when they transit from coarse 50 km to finer 16 km horizontal resolutions.
Impacts on the larger-scale mean precipitation and SST

a. Mean and Seasonal Cycle of the ITCZ
Extreme rainfalls associated with the easterly wave convergence and convection occur on 2-6 day synoptic time scales and contribute a significant fraction of the total rainfall variability. Figure 7 shows the percentage of the variance of 2-6 day filtered rainfalls to the total variance. Over the marine ITCZ, synoptic scale precipitation accounts for 40-60% of the total variance in HL. This high ratio in HL is striking, indicating that more than half of the total rainfall variability originates from the synoptic scales. The RA2 has a similar percentage of the variance associated with synoptic events (not shown),
suggesting that this 40-60% contribution to rainfall variability in the marine ITCZ may be an upper limit from the synoptic scale variability on the coarser grids. In HH, however, the ratio rises to 60-70%, in some areas reaching 80%, suggesting that a substantial fraction of the total rainfall variability is indeed determined by the synoptic-scale heavy rainfall events associated with the easterly waves.
The fact that a significant fraction of rainfall variance is explained by synoptic-scale variability implies that there will be a net contribution to the larger-scale mean rainfall in the model. north of the equator throughout the year, which is consistent with the observations (Chiang et al. 2002) . It is clear that not only the mean rainfall but also the seasonal cycle of the ITCZ is better simulated in HH than in HL. This has significant impact on the simulated rainfall variability over parts of northeast Brazil and over western Africa.
b. Large-scale SST distribution
This section investigates the role of large-scale mean SST and its relation to the improved ITCZ simulation. Figure 10a shows annual mean SST for HH, and its difference (HH minus HL) in Figure 10b The debate still continues about whether the meridional SST gradient and the large-scale convergence determine the rain in the ITCZ or whether the wind convergence is determined by mid-tropospheric heating and hence the rainfall in the ITCZ. Gill (1980) argues for the latter, whereas Lindzen and Nigam (1987) favor the former. Figure 10 suggests that Gill (1980) is at least relevant in the current study because the meridional SST gradient did not change in the simulations and this implies that the enhanced southerlies in HH are forced by the larger-scale, stronger ITCZ.
Enhanced southerlies across the equator will have dynamical consequences for the ocean.
The details of mixed layer heat budget calculations can reveal the dynamical and thermodynamical balances in SST, mixed layer depth and net surface heat and freshwater fluxes.
Such an analysis is beyond the scope of this paper and will be reported elsewhere.
The warming along the west coast of Africa in Figure 10a deserves some attention. It is likely that the coastal warming in HH is simply due to the altered near-coastal winds, which drive reductions in upwelling and open-ocean Ekman advection of SST gradients.
However, the details of the atmospheric land-sea mask are very different in the HL and HH cases, due to the enhanced resolution in HH. Since an interpolation/extrapolation scheme is used to map the atmospheric fields to the oceanic grids, the small-scale structures in the HH land-sea mask play an important role in establishing the near-coastal alongshore upwelling/downwelling wind fields. In the both HL and HH, the land-sea mask was qualitatively optimized to attempt to reduce the mismatch between oceanic and atmospheric grids and the misrepresentation of fluxes due to spectral truncations errors (Gibbs phenomenon). But it is not completely clear whether a different interpolation scheme for HH and HL (and/or a smoother land-sea mask) would result in similarly warmer SST along the coast in case HH. Nonetheless, this study focuses on the basinscale SST changes and its meridional gradient, not the changes in SST concentrated in the narrow band along the coast, which appear to be too localized to generate the basinwide effects.
Conclusions and Discussion
A regional coupled climate model has been configured for the tropical Atlantic in the present study to explore the climatic importance of synoptic-scale atmospheric disturbances originating from the African continent. The analyses have shown that these synoptic-scale easterly waves are reasonably well simulated in the model both on 1°and ¼°atmospheric grids. The simulated wave characteristics are comparable between the model simulations, and the phases of the waves are similar to those of the RA2 fields that drive the regional models. The only notable differences are that the AEJ, which is conducive to the generation of the waves, is slightly stronger in HH (Figure 1 ), while the variance of the AEWs is 20% stronger in HH than HL, and both regional models have nearly twice as much AEW variance as RA2 (Figure 2 ).
Strong wind shear in the easterly waves is comparable between HH and HL, although this wind shear is accompanied by the heavy precipitation events only in HH, not in HL (Figure 3 ). This is because the computed convergence in HH is much larger than in HL, which leads to stronger convection and heavier precipitation (Figure 4 ,5). This propensity for higher convergence in HH compares well with QuikSCAT observations of winds and clearly represents an improvement over the HL case ( Figure 6 ).
The climatic importance of AEW-related convergence and convection processes is that they can lead to a more realistic model precipitation climatology and seasonality over the Atlantic Ocean (Figure 8,9 ). The occurrences of extreme rainfall events are much more realistic in HH, and resemble rainfall measurements from the PIRATA buoy. These heavy rainfall events, occurring on the 2-6 day time scales associated with the easterly waves, account for a significant fraction of the simulated variance of precipitation ( Figure   7 ), which implies a considerable alteration of the larger-scale annual mean rainfall due to these extreme rainfall events.
This improvement in the simulation of mean precipitation and the seasonal migration of ITCZ in the SCOAR model does not appear to be directly related to changes in the mean meridional SST gradient, which remain the same in both HH and HL (Figure 10, 11) . The location of the ITCZ is captured largely well in both simulations, but the convection associated with the AEWs in HH enhances the precipitation, which yields a more realistic ITCZ. This results in enhanced cross-equatorial southerlies, which leads to stronger large-scale convergence into the ITCZ (Gill, 1980) .
The details of the AEWs including the mechanism(s) of generation, life cycle, and the connection to the convection and hurricanes are not fully understood despite their important role in regulating precipitation and regional climate (Thorncroft et al. 2003; Mekonnen et al. 2006 ). The resultant small-scale atmospheric convergence and convection processes cannot be realistically resolved in the coupled GCMs that are used for climate prediction in this region primarily due to the coarseness of the atmospheric grids. As a result, these models exhibit large systematic errors in the tropical Atlantic
Ocean (Davey et al. 2002) and the western African nations (WCRP 2000) . Our study here proposes that these climate models require higher horizontal resolution for better capturing the observed scale of convergence and convection, which can considerably alter the mean large-scale climate in this region.
One 5°N-25°N, 50°W-20°W ) and the southern extratropics (5°S-25°S, 50°W-20°W). Note that the seasonal cycle of the SST gradient in HH and HL is almost identical.
